Abstract-There is a strong demand for compact cooling devices with high performance that is used for such as inverters of electric vehicles. Aiming for improving the performance of cooling devices with downsizing it, boiling heat transfer attracts a lot of attention because of its high heat transfer coefficient. However, there is few reports related to subcooled pool boiling using a compact vessel. In this study, to achieve a higher heat flux removing using a compact vessel, microbubble emission boiling (MEB) characteristics was investigated with a low water level, as well as nucleate boiling regime of subcooled pool boiling.
INTRODUCTION
Silicon carbide (SiC) are expected to be promising material for next generation inverters because it can reduce the power loss of the converters, compared to conventional silicon (Si) converters. Moreover, the size of inverters made of SiC can be downsized owe to its high breakdown voltage. As the device size is decreased, it is predicted that the local heat flux will be increased to 500 W/cm 2 [1] in SiC inverters used for electric vehicles (EV). To remove such a high heat flux at low operating power, boiling heat transfer is a candidate of the advanced cooling technology because it transports a large amount of heat by phase change of the liquid. However, critical heat flux (CHF) is the most challenging issue in boiling heat transfer [2] [3] [4] . When the heat flux emitted from a heating surface is higher than CHF, film boiling was occurred instantaneously. In film boiling, the temperature of the heating surface is increased rapidly because vapor film layer interrupts heat transfer. This rapid increasing of the temperature will cause serious damages for inverters such as burnout. When boiling heat transfer is used for the SiC converters, consequently, the output power of SiC converters must be much lower than CHF. In this case, the output power is restricted by boiling cooling system. Therefore, it is very important to increase CHF to utilize the maximum performance of SiC converters. A cooling system using boiling heat transfer is typically performed in pool boiling or flow boiling. CHF in flow boiling tends to be higher than one in pool boiling. However, flow boiling needs a circular pump and it consumes the battery power of EVs if the flow boiling is used for SiC inverter for EVs. On the other hand, pool boiling does not need a pump in boiling cooling system. CHF of subcooled pool boiling is higher than one of saturated pool boiling [5] . Therefore, subcooled pool boiling is investigated to remove a high heat flux in this study.
To increase CHF in pool boiling, the wettability of a heating surface is widely investigated because CHF of subcooled pool boiling strongly related to the property of heating surface. This is because the surface wettability affects to the bubble departure diameter, resulting in the heat transfer coefficient [6] . Previously, various methods were already demonstrated to modify a heating surface and change its wettability. For instance, nanoparticle coating and chemical treatment are used for changing surface wettability [7] . In addition, lithography process, which is typically used for Micro Electro Mechanical Systems (MEMS), is also promising technique to modify a heating surface [8, 9] . By using modifying techniques, the wettability of the heating surface is changed to hydrophilic or super-hydrophilic because the higher wettability of a heating surface introduces higher CHF in pool boiling [10] . However, it is difficult to achieve a very high heat flux in pool boiling, such as above 500 W/cm 2 , with only the surface modification and wettability change.
In highly subcooled boiling, microbubble emission boiling (MEB) can attain a higher cooling performance than CHF with no additional process for a heating surface [11, 12] . In MEB, many microbubbles are emitted from coalescing bubbles on the heating surface and it has been reported that MEB can remove a high heat flux of above 500 W/cm 2 [13] . Therefore, MEB provides a sufficient safety margin in boiling heat transfer beyond CHF. To control the occurrence of MEB, the boiling conditions were studied by varying the system pressure, working fluid and so on [14, 15] . It has cleared that the degree of liquid subcooling is an important parameter for the onset of MEB and it requires above 20 K with water at atmospheric pressure. However, a comparatively large vessel has been used for the study of MEB to prepare an ideal condition in pool boiling. There is a study related to boiling heat transfer in nucleate boiling regime with a low water level and it reports that heat transfer coefficient is changed with a low water level less than 5 mm [16] . In addition, boiling heat transfer is also investigated with a low liquid level at low pressure [17] . In contrast, MEB characteristics is not investigated with a low water level. In order to downsize boiling cooling devices with increasing its cooling performance, in this study, boiling heat transfer characteristics is investigated in a compact vessel with a low water level including MEB regime. II. EXPERIMENTAL SETUP AND PROCEDURE Figure 1 shows the experimental apparatus for subcooled pool boiling at the atmospheric pressure. Deionized water was used as working fluid. The target degree of liquid subcooling was 35 K by using a heat exchanger with the tap water. The heat exchanger was made of copper pipe with the outer diameter of 5 mm. Note that there was no stirrer in this system and boiling bubbles or convective flow stirred water. The average degree of liquid subcooling was therefore measured for 1 min. The size of vessel made of stainless steel was 80 mm in diameter with 70 mm in height. A K-type sheathed thermocouple (⌀1mm, class-1 grade) was used to measure the liquid subcooling. A heating block was made of oxygen free copper and an electric cartridge heater (100 V, 200 W) was installed in the block. The input power of the electric heater was controlled by varying the applied voltage using a voltage converter. The diameter of the heating surface was 9 mm and the maximum heat flux of this system was less than 500 W/cm 2 due to the restriction of the heater temperature. To measure the temperature gradient, three K-type sheathed thermocouples (⌀0.5 mm, class-1 grade) were inserted to the top part of the copper block. The distances from the heating surface of the three thermocouples were 3, 6 and 9 mm, respectively. Assuming that the temperature distribution at the top part of the heating copper block follows one-dimensional Fourier's law, the wall superheat and heat flux was estimated by using the measured temperature gradient. The water level in the compact vessel was less than ca. 40 mm (200 mL of water). In this study, subcooled pool boiling was examined with the water level of 20, 10, 8 and 6 mm. It is previously confirmed that MEB is observed with the water level of 20 mm. 
III. RESULTS AND DISCUSSION
To investigate the robustness of MEB against water level, at first, water level was gradually decreased from 20 mm while MEB was occurring at 300 W/cm 2 . Figure 2 shows photos of boiling bubbles with the water level of (a) 20 mm, (b) 10 mm, and (c) 8 mm in MEB regime. Many microbubbles were emitted from coalescing bubbles on the heating surface: MEB was observed even if water level was 8 mm. However, film boiling was observed when water level was less than 6 mm. This is because a lower water level tends to be difficult to maintain the degree of liquid subcooling. In this study, the average degree of liquid subcooling was 35, 33 and 30 K with changing the water level from 20 to 10 and 8 mm, respectively. The maximum value of peak-to-valley of the liquid subcooling was 13 K with water level of 8 mm. Without stirrer, as a result, it appears that lower water level makes the liquid subcooling lower in this system and it interrupted MEB. Next, boiling curve was investigated by varying water level, as shown in fig. 3 and 4. Ivey and Morris correlation [18] at the liquid subcooling of 35 K, which can predict CHF value in subcooled pool boiling, is also plotted with a solid line. The chained lines show the same correlations at the liquid subcooling of 25 K and 45 K. In this study, when water level is higher than 10 mm, it was possible to keep the average degree of liquid subcooling at 35 K. In contrast, the degree of liquid subcooling was decreased when water level is lower than 8 mm. Moreover, MEB was not maintained with water level of 6 mm. This is because the average degree of liquid subcooling was less than 20 K at 300 W/cm 2 . Consequently, the experimental result found that it is required to optimize the design of heat exchanger for keeping the degree of liquid subcooling in low water level without stirrer. As shown in Fig. 4 , the wall superheat with water level of 6 mm is lower than that of 10 mm. Ref. [16] has reported that a lower water level increases the heat transfer coefficient in saturated pool boiling. In this study, it seems that this phenomenon is also observed in subcooled pool boiling. Figure  5 shows boiling bubbles observed in the water level of 8 mm in MEB regime. The surface of water was lifted up and moving because of boiling bubble and it might affect to the characteristics of boiling heat transfer. IV. CONCLUSION In this study, subcooled pool boiling was performed with a compact vessel to investigate MEB characteristics by varying water level without stirrer. The water level was varied from 20 mm to 6 mm and the volume of water was therefore less than 200 mL for pool boiling. As a result, the experimental result found that MEB can be occurred with the water level of above 8 mm using our equipment. However, it is difficult to decrease the water level further because the degree of liquid subcooling is decreased with a lower water level. To achieve a higher heat flux removing, therefore, the optimization of heat exchanger will be needed to utilize the boiling heat transfer in MEB regime with a compact vessel. In the future, the boiling characteristics, including MEB, should be investigated with the water level of less than 5 mm.
